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This is a divisional of U.S. Application No. 10/063,762; filed 5/10/02 by the 
same inventors, and claims priority therefrom. 

BACKGROUND OF THE INVENTION 

1. Field of Invention 

[0001] This invention relates to microelectromechanical system (MEMS) 
based structures and microelectromechanical system (MEMS) based systems 
including at least one bistable structure. This invention also relates to methods for 
fabricating such structures and systems, as well as methods for actuating 
microelectromechanical system based systems. 

2. Description of Related Art 

[0002] Bistable beams are known for use in microelectromechanical system 
(MEMS) based systems. Such bistable beams have applications in, for example, 
digital data storage and electrical and optical switching. 

[0003] For example, a tunable micromechanical bistable system is described 
by M. T. A. Saif in "On a Tunable Bistable MEMS - Theory and Experiment", Journal 
of Microelectromechanical Systems, Vol. 9, No. 2, pp. 157-170, June 2000. The 
bistable system consists of a long slender micromechanical beam attached to an 
actuator. The beam is subjected to a transverse force at the middle and a residual 
stress developed during fabrication. The actuator generates a compressive force along 
the axial direction of the beam so that the beam buckles along the transverse direction 
into one of two equilibrium states. 

[0004] Another example of a known beam structure is described by Vangbo 
et al. in "A Lateral Symmetrically Bistable Buckled Beam", J. Micromech. Microeng., 
8 (1998), pp. 29-32. As described, a lateral symmetrically bistable beam is snapped 
into the structure of a microelectromechanical system (MEMS) based device and held 
in a fixed position by spring forces. The beam structure consists of a released upright 
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beam that has been oxidized to induce tensile stress or has a compressive film 
deposited thereon. 

[0005] U.S. Patent No. 6, 168,395 to Quenzer et al. describes a bistable 
electrostatic actuator with pneumatic or liquid coupling. The bistable actuator has 
buckled membrane sections that are driven by enclosed electrodes. The membranes 
operate in counteraction, such that pulling one membrane down pushes the other 
membrane up. The bistable actuator is particularly designed for a microvalve 
application and uses curved-shaped electrodes. 

[0006] U.S. Patent No. 6,303,885 to Hichwa et al. describes a bistable 
micro-machined electromechanical switch. The bistable switch includes a switch 
element that is suspended between portions of a switch body by a plurality of spring 
arms that are attached at walls of hollow body portions of a center beam. The spring 
arms and hollow beam walls deform in response to a motive force of an actuator to 
move between the stable states. 

SUMMARY OF THE INVENTION 

[0007] As described above, either a built-in stress, an applied compressive 
force, or a hollow beam portion forming an additional spring is needed for known 
bistable beams. However, the addition of an actuator for the applied compressive 
force renders the design and fabrication of the system complex. Also, creating a built- 
in stress in a beam renders fabrication difficult because controlling the built-in stress 
is difficult. Further, the addition of a hollow beam portion increases the complexity of 
design and fabrication. This invention eliminates these and other drawbacks 
associated with conventional bistable beams. 

[0008] The systems and methods according to this invention provide a 
micromachined bistable beam having a first stable state in which the beam is 
substantially stress-free. 

[0009] The systems and methods according to this invention separately 
provide improved flexibility in the design of a bistable system. 

[0010] The systems and methods according to this invention separately 
provide reduced complexity in the design of a bistable system. 
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[0011] The systems and methods according to this invention separately 
provide improved manufacturability of a bistable system. 

[0012] The systems and methods according to this invention separately 
provide reduced size and weight of a bistable system. 

[0013] The systems and methods according to this invention separately 
provide reduced manufacturing costs for a bistable system. 

[0014] The systems and methods according to this invention separately 
provide bistable actuation with improved performance. 

[0015] The systems and methods according to this invention separately 
provide bistable actuation with improved robustness and/or reliability. 

[0016] The systems and methods according to this invention separately 
provide bistable actuation with improved efficiency. 

[0017] The systems and methods according to this invention separately 
provide a bistable beam with increased out-of-plane stiffness. 

[0018] The systems and methods according to this invention separately 
provide non-contact and/or steady state non-contact actuation of a bistable beam. 

[0019] The systems and methods according to this invention separately 
provide switching using a bistable system. 

[0020] The systems and methods according to this invention separately 
provide a waveguide switch with bistable actuation. 

[0021] The systems and methods according to this invention separately 
provide attenuation using a bistable system. 

[0022] The systems and methods according to this invention separately 
provide improved control of a first position of a bistable beam in its first stable state. 

[0023] The systems and methods according to this invention separately 
provide improved control of a second position of a bistable beam in its second stable 
state. 

[0024] The systems and methods according to this invention separately 
provide a bistable system including a stop that contacts a bistable beam when the 
beam is between first and second stable states and near the second stable state. 
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[0025] In various exemplary embodiments according to the systems and 
methods of this invention, a bistable microelectromechanical system (MEMS) based 
system comprises a micromachined beam having a first stable state, in which the 
beam is substantially stress-free and has a specified non-linear shape, and a second 
stable state. In various embodiments, the specified non-linear shape comprises a 
simple curve. In other various embodiments, the specified non-linear shape comprises 
a compound curve, such as, for example, four substantially identical arcs. In still 
other embodiments, the specified non-linear shape comprises a series of linear 
segments. 

[0026] In various exemplary embodiments, the beam has at least one fixed 
boundary condition. In other various embodiments, the beam has at least one bearing 
boundary condition. In other various embodiments, the beam has at least one spring 
boundary condition. The beam may also have a combination of different boundary 
conditions. 

[0027] In various exemplary embodiments, the system further comprises a 
stop disposed between the first and second stable states of the beam. The stop may be 
disposed near the second stable stated of the beam so that the beam is biased against 
the stop when moved from the first stable state. 

[0028] In various exemplary embodiments according to the systems and 
methods of this invention, a bistable microelectromechanical system (MEMS) based 
system comprises: a micromachined beam having a first stable state, in which the 

r 

beam is substantially stress-free and has a specified non-linear shape, and a second 
stable state; an actuator arranged to move the beam between the first and second 
stable states; and a movable element that is moved between a first position and a 
second position in accordance with the movement of the beam between the first and 
second stable states. The actuator may comprise one of a thermal actuator, an 
electrostatic actuator, a piezoelectric actuator and a magnetic actuator. In various 
exemplary embodiments, the actuator comprises a thermal impact actuator. In various 
other embodiments, the actuator comprises a zippering electrostatic actuator. 

[0029] In various exemplary embodiments according to the systems and 
methods of this invention, a first force is applied in a first direction so that a 
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micromachined beam having a first stable state, in which the beam is substantially 
stress-free and has a specified non-linear shape, is moved from the first stable state to 
a second stable state. Applying the first force may comprise applying a force using 
one of a thermal actuator, an electrostatic actuator, a piezoelectric actuator and a 
magnetic actuator. In various exemplary embodiments, applying the first force 
comprises applying a force using a thermal impact actuator. In various other 
embodiments, applying the first force comprises applying a force using a zippering 
electrostatic actuator. 

[0030] In various exemplary embodiments, a second force is applied in a 
second direction so that the beam is moved from the second stable state to the first 
stable state. Applying the second force may also comprise applying a force using one 
of a thermal actuator, an electrostatic actuator, a piezoelectric actuator and a magnetic 
actuator. Applying the second force may also comprise applying a force using a 
thermal impact actuator or using a zippering electrostatic actuator. 

[0031] In various exemplary embodiments according to the systems and 
methods of this invention, a bistable microelectromechanical system (MEMS) based 
system is fabricated by lithographically defining a beam having a specified non-linear 
shape corresponding to a first stable state of the beam. In various exemplary 
embodiments, the fabrication method further comprises determining a second stable 
state of the beam by lithographically defining the beam to have a certain geometry. In 
various embodiments, lithographically defining the beam to have a certain geometry 
comprises lithographically defining the beam to have at least one of a certain length, a 
certain width, a certain height and a certain curvature. In various embodiments, the 
height of the beam is defined to be greater than the width of the beam to reduce 
potential out-of-plane buckling of the beam. 

[0032] In various exemplary embodiments, the fabrication method further 
comprises determining a throw distance of the beam between the first and second 
stable states by lithographically defining the beam to have a certain geometry. In 
various embodiments, lithographically defining the beam to have a certain geometry 
comprises lithographically defining the beam to have at least one of a certain length, a 
certain width, a certain height and a certain curvature. 
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[0033] In various exemplary embodiments, the fabrication method further 
comprises determining a force curve of the beam between the first and second stable 
states by lithographically defining the beam to have a certain geometry. In various 
embodiments, lithographically defining the beam to have a certain geometry 
comprises lithographically defining the beam to have at least one of a certain length, a 
certain width, a certain height and a certain curvature. 

[0034] In various exemplary embodiments, the fabrication method further 
comprises forming at least one of a thermal actuator, an electrostatic actuator, a 
piezoelectric actuator and a magnetic actuator adjacent the beam. In various 
embodiments, forming at least one of a thermal actuator, an electrostatic actuator, a 
piezoelectric actuator and a magnetic actuator adjacent the beam comprises forming a 
thermal impact actuator. In various other embodiments, forming at least one of a 
thermal actuator, an electrostatic actuator, a piezoelectric actuator and a magnetic 
actuator adjacent the beam comprises forming a zippering electrostatic actuator. 

[0035] In various exemplary embodiments, the fabrication method further 
comprises forming at least one fixed boundary condition of the beam. In various other 
embodiments, the fabrication method further comprises forming at least one bearing 
boundary condition of the beam. In various other embodiments, the fabrication 
method further comprises forming at least one spring boundary condition of the beam. 
The fabrication method may further comprise forming a combination of different 
boundary conditions of the beam. 

[0036] In various exemplary embodiments, the method step of 
lithographically defining the beam comprises patterning the beam in a device layer of 
a silicon-on-insulator wafer. The fabrication method may further comprise partially 
etching an insulator layer between the device layer and a substrate to release the beam 
with part of the insulator layer remaining to anchor the beam to the substrate. 

[0037] In various exemplary embodiments according to the systems and 
methods of this invention, a microelectromechanical system (MEMS) based system 
comprises an input, an output, a movable element communicating between the input 
and the output and a micromachined beam having a first stable state, in which the 
beam is substantially stress-free and has a specified non-linear shape, and a second 
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stable state. In various exemplary embodiments, the system is an optical system 
having an optical input and an optical output. In other exemplary embodiments, the 
system is an electrical system having an electrical input and an electrical output. In 
still other embodiments, the system is a fluidic system having a fluidic input and a 
fluidic output. In various exemplary embodiments, the system comprises a data 
storage system. In other exemplary embodiments, the system comprises a switching 
system. 

[0038] These and other features and advantages of this invention are 
described in, or are apparent from, the following detailed description of various 
exemplary embodiments of the systems and methods according to this invention. 
BRIEF DESCRIPTION OF THE DRAWINGS 

[0039] Various exemplary embodiments of the systems and methods of this 
invention described in detail below, with reference to the attached drawing figures, in 
which: 

[0040] Fig. 1 is a schematic representation of a first exemplary embodiment 
of a microelectromechanical system (MEMS) based system including a bistable beam 
according to this invention, shown in a first stable state; 

[0041] Fig. 2 is a schematic representation of the first exemplary 
embodiment of Fig. 1, shown in a second stable state; 

[0042] Fig. 3 is a schematic representation of a second exemplary 
embodiment of a microelectromechanical system (MEMS) based system including a 
bistable beam according to this invention and an actuator; 

[0043] Fig. 4 is a schematic representation of an exemplary embodiment of 
an optical switching system including a bistable beam according to this invention, 
shown in a first stable state; and 

[0044] Fig. 5 is an exemplary graphical illustration of a force curve for 
exemplary embodiment of Fig. 4 showing a stable equilibrium of the beam in a second 
stable state. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 
[0045] While the invention is described hereafter with reference to an 
optical switching system, it should be understood that this invention is not strictly 
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limited to such systems. Rather, any microelectromechanical system (MEMS) based 
system that utilizes bistable states is contemplated by this invention. The description 
is intended to convey the features of the invention without limiting the invention to 
the specific embodiments disclosed. 

[0046] The systems and methods according to this invention provide a 
bistable microelectromechanical system (MEMS) based system. In various 
embodiments according to this invention, the bistable microelectromechanical system 
(MEMS) based system comprises a micromachined beam having a first stable state, in 
which the beam is substantially stress-free and has a specified non-linear shape, and a 
second stable state. The bistable microelectromechanical system (MEMS) based 
system according to this invention provides improved flexibility in design, improved 
manufacturability, reduced size and weight, reduced manufacturing costs, bistable 
actuation with improved performance and/or bistable actuation with improved 
efficiency. 

[0047] In various exemplary embodiments, the specified non-linear shape 
comprises a simple curve. In other various embodiments, the specified non-linear 
shape comprises a compound curve. For example, the compound curve may comprise 
four substantially identical arcs. In still other embodiments, the specified non-linear 
shape comprises a series of linear segments. The specified non-linear shape defines 
the first stable state of the beam. 

[0048] In various exemplary embodiments, the bistable 
microelectromechanical system (MEMS) based system is fabricated by 
lithographically defining the beam to have the specified non-linear shape 
corresponding to the first stable state of the beam. In various exemplary 
embodiments, a second stable state of the beam is determined by lithographically 
defining the beam to have a certain geometry, such as, for example, length, width 
and/or curvature. Further, other features of the beam may be determined by 
lithographically defining the beam to have a certain geometry. Lithography provides 
an accurate and controllable fabrication process in which stress is not introduced. 

[0049] In various exemplary embodiments, the method step of 
lithographically defining the beam comprises patterning the beam in a device layer of 
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a silicon-on-insulator wafer. The fabrication method may further comprise partially 
etching an insulator layer between the device layer and a substrate to release the beam 
with part of the insulator layer remaining to anchor the beam to the substrate. The 
device layer is a substantially stress-free layer. Thus, unwanted stress in the beam is 
avoided. 

[0050] The systems and methods according to this invention also provide 
bistable actuation. In various exemplary embodiments, a first force is applied in a 
first direction so that a micromachined beam having a first stable state, in which the 
beam is substantially stress-free and has a specified non-linear shape, is moved from 
the first stable state to a second stable state. In various exemplary embodiments, a 
second force is applied in a second direction so that the beam is moved from the 
second stable state to the first stable state. 

[0051] The beam and/or bistable actuation according to this invention may 
be used in various applications and may form part of a larger system. For example, a 
microelectromechanical system (MEMS) based system may comprise an input, an 
output, a movable element communicating between the input and the output and a 
micromachined beam having a first stable state, in which the beam is substantially 
stress-free and has a specified non-linear shape, and a second stable state. Further, the 
system may be optical, electrical or fluidic. Also, the system may be a data storage 
system or a switching system. 

[0052] According to various exemplary embodiments of this invention, 
micromachining and other microelectromechanical system based manufacturing 
techniques are used to fabricate a micromachined beam having a first stable state, in 
which the beam is substantially stress-free and has a specified non-linear shape, and a 
second stable state. Such manufacturing technologies are relatively advanced 
compared to other potential technologies, yielding more reliable results and greater 
flexibility. In various exemplary embodiments, surface micromachining techniques, 
such as lithography noted above, are used to fabricate a bistable beam. 

[0053] A schematic representation of a microelectromechanical system 
(MEMS) based system 100 according to a first exemplary embodiment of this 
invention is shown in Fig. 1. The system 100 includes a pair of bistable beams 1 10, 
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shown in a first stable state. Although a pair of bistable beams is shown, it should be 
understood that a single bistable beam may be used. When two or more bistable 
beams are employed, the beams work together to improve performance and/or to 
increase reliability and/or accuracy. The bistable beams 1 10 are anchored to a 
substrate 101 using suitable boundary conditions 1 12, such as a fixed boundary 
condition, a bearing boundary condition, a spring boundary condition or a 
combination of different boundary conditions. The bistable beams 1 10 are fabricated 
to have a specified non-linear shape and to be substantially stress-free in the first 
stable state. 

[0054] A movable member 120, such as a waveguide or an optical fiber, 
may be arranged to move with the bistable beams 1 10. As shown in Fig. 1, a 
stationary member 130, such as a corresponding waveguide or optical fiber, is fixed to 
the substrate 101. 

[0055] A schematic representation of the first embodiment is shown in Fig. 
2 with the bistable beams 1 10 in a second stable state. As shown, the movable 
member 120 is moved with the bistable beams 1 10 from the first stable state to the 
second stable state such that the movable member 120 is aligned with, or is in 
communication with, the stationary member 130. As illustrated in Figs. 1 and 2, a 
force F is applied to the bistable beams 1 10 to cause the bistable beams 1 10 to move 
between the first and second stable states. 

[0056] The bistable beams 1 10 are schematically represented in Figs. 1 and 
2. It should be understood that the specified non-linear shape of the beams may be 
any suitable shape, including, but not limited to, a simple curve, a compound curve, a 
series of linear segments and the like. As such, the specified non-linear shape may be 
any shape that is capable of defining a first stable state. 

[0057] A schematic representation of a microelectromechanical system 
(MEMS) based system 200 according to a second exemplary embodiment of this 
invention is shown in Fig. 3. The system 200 includes a pair of bistable beams 2 10, 
shown in a first stable state, and at least one actuator 240. The bistable beams 210 are 
anchored to a substrate 201 using suitable boundary conditions 212. 
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[0058] A movable member 220 is arranged to move with the bistable beams 
210. The movable member 220 is moved with the bistable beams 210 from the first 
stable state to a second stable state by the actuators 240 applying a force to the 
bistable beams 210 that causes the bistable beams 2 10 to move between the first and 
second stable states. The force may be applied directly or indirectly, and may be 
accomplished though contact with the bistable beams 210 or without contacting the 
bistable beams 210. 

[0059] The actuators 240 may be any device, either known or hereafter 
developed, that is capable of applying a force to move a bistable beam between stable 
states. For example, the actuators 240 may be thermal actuators, electrostatic 
actuators, piezoelectric actuators, magnetic actuators or any combination thereof. The 
particular applicator(s) may be selected based on the design considerations for a given 
application. For example, a thermal impact actuator or a zippering electrostatic 
actuator may be advantageous for certain applications. 

[0060] As noted above, the microelectromechanical system (MEMS) based 
systems according to this invention may be incorporated into a larger or composite 
system. For example, as schematically shown in Fig. 4, an optical switching system 
300 includes a pair of bistable beams 310, shown in a first stable state in which the 
beams 310 have a specified non-linear shape and are substantially stress-free. The 
bistable beams 310 are anchored using suitable boundary conditions 380. 

[0061] The system 300 further comprises input optical fibers 350 and output 
optical fibers 360 placed in communication with different stationary waveguides 332 
and 334, respectively. A movable switching member 320 is situated between the 
stationary waveguides 332 and 334 and may be moved relative to the stationary 
waveguides 332 and 334. The movable switching member 320 is arranged to move 
with the bistable beams 3 10 and may comprise, for example, an array of waveguides 
322 as shown in Fig. 4. 

[0062] In use, a force F is applied to the bistable beams 3 10 by an actuator 
390 to move the bistable beams 310 from the first stable state, shown in Fig. 4, into a 
second stable state (not shown). The movable switching member 320 is moved along 
with the bistable beams 3 10 so that different waveguides 322 communicate between 
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the stationary waveguides 322 and 334. In this manner, an optical signal input into 
one of the input optical fibers 350 may be switched between the output optical fibers 
360, for example. Further, the waveguides 322 of the movable member 320 may be 
arranged so that the optical signal is switched out by moving the movable member 
320 with the bistable beams 3 10 between the first and second stable states. Also, the 
waveguides 322 of the movable member 320 may be arranged to provide attenuation 
of the optical signal. 

[0063] As shown in Fig. 4, the second stable state may be altered by 
including a stop 370. The stop 370 is positioned so that one of the bistable beams 310 
will contact the stop 370 before reaching the natural second stable state. With such a 
positioning of the stop 370, one of the bistable beams 3 10 will be biased against the 
stop 370 in the second stable state. This will help to ensure that the bistable beams 
3 10, and the moveable member 320, are accurately and reliably positioned in the 
second stable state. As shown in Fig. 4, the stop 370 may include a ridge 372 to 
reduce stiction between the stop 370 and the portion of the bistable beams 3 10 in 
contact therewith. 

[0064] As illustrated in the exemplary graph of Fig. 5, the displacement of 
the beams shown relative to the force that is applied to move the beams. The non- 
linear shape and the geometry of the beams will determine the actual curve. 

[0065] After the beams are moved from the first stable state, the beams 
move through an unstable equilibrium to a stable equilibrium, the second stable state 
of the beams. The position of the stop 370 is illustrated as a vertical dashed line in 
Fig. 5. As shown, the stop is located between the unstable equilibrium and the stable 
equilibrium corresponding to the natural second stable state, at about 0.0185 mm. 
Thus, the beams will be stopped before reaching the stable equilibrium corresponding 
to the natural second stable state. The resilient forces of the beams toward that stable 
equilibrium will bias the beams against the stop. 

[0066] A bistable microelectromechanical system (MEMS) based system 
may be fabricated according to this invention by lithographically defining a beam 
having a specified non-linear shape corresponding to a first stable state of the beam. 
Any lithographic technique, either known or hereafter developed, may be used. 
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Lithography allows the features of the beam, such as the shape and geometry, to be 
produced accurately. 

[0067] As noted above, the specified non-linear shape of the beam defines 
the first stable state of the beam. Similarly, the geometry of the beam will define the 
second stable state of the beam. Thus, according to various exemplary embodiments 
of this invention, the fabrication method further comprises determining a second 
stable state of the beam by lithographically defining the beam to have a certain 
geometry. The certain geometry may comprise one or more of a certain length, a 
certain width, a certain height and a certain curvature. It should be understood that the 
height may also be defined by a thickness of a material layer in which the beam is 
fabricated. 

[0068] Also, a certain geometry of the beam may be lithographically defined to 
determine various other features of the beam. For example, the geometry of the beam 
may be defined to determine a throw distance and/or a force curve of the beam. 
[0069] In various exemplary embodiments, lithography is also used to form the 
actuator(s) associated with the bistable beam. Similarly, the boundary conditions of 
the bistable beam may be formed using lithographic techniques. While other similar 
manufacturing techniques may be used, it may be advantageous to fabricate the entire 
system using the same technique, for example, simplifying the process by requiring 
less independent method steps. 

[0070] As noted above, the beam may be lithographically defined by patterning the 
beam in the device layer of a silicon-on-insulator wafer. The insulator layer between 
the device layer and the substrate may be partially etched to release the beam with part 
of the insulator layer remaining to anchor the beam to the substrate. The part of the 
insulator anchoring the beam may be patterned and etched to define the desired 
boundary condition for the beam. 

[0071] An exemplary technique that is suitable for fabricating the bistable 
beam in the device layer is described in copending U.S. Patent Applications Serial 
Nos. 09/467,526, 09/468,423, 09/468,141, which are incorporated by reference in 
their entirety. Another suitable technique is described in copending U.S. Patent 
Application Serial No. 09/718,017, which is incorporated by reference in its entirety. 
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[0072] In general, polysilicon surface micromachining uses planar 
fabrication process steps common to the integrated circuit (IC) fabrication industry to 
manufacture microelectromechanical or micromechanical devices. The standard 
building-block process consists of depositing and photolithographically patterning 
alternating layers on a substrate. The alternating layers consist of low-stress 
polycrystalline silicon (also termed polysilicon) and a sacrificial material such as 
silicon dioxide on a substrate. Vias etched through the sacrificial layers provide 
anchor points to the substrate and between the polysilicon layers. The polysilicon 
layers are patterned to form mechanical elements of the micromachined device. The 
mechanical elements are thus formed layer-by-layer in a series of deposition and 
patterning process steps. The silicon dioxide layers are then removed by exposure to a 
selective etchant, such as hydrofluoric acid (HF), which does not attack the 
polysilicon layers. This releases the mechanical elements formed in the polysilicon 
layers for movement thereof. 

[0073] While this invention has been described in conjunction with various 
exemplary embodiments, it is to be understood that many alternatives, modifications 
and variations would be apparent to those skilled in the art. Accordingly, Applicants 
intend to embrace all such alternatives, modifications and variations that follow in the 
spirit and scope of this invention. 



14 



